Electronic display is a young technology. Only for a few decades have such displays been in common use. Now many applications provide 0.5-1 million picture element (megapixel) visual interfaces in twodimensions with acceptable grayscale, frame rate, and so forth. However, the human visual system is capable of more than 1,000 megapixels (1 gigapixel) in threedimensions. Thus, much opportunity remains. A vision of how fast we may close this gap during the next decade, century, and millennium is presented.
The epochal shift from CRT to FPD is evident in the installed base of electronic displays. Hopper and Desjardins 1 analyzed displays in systems throughout the U.S. Department of Defense. Figure 1 shows that defense displays are already dominated by FPDs (AMLCD, LCD, LED, EL, and plasma technologies).
Display technology is just begun. As human knowledge grows, far higher resolutions will be built. HUMAN VISUAL SYSTEM The capacity of the human visual system is estimated here on the basis of the number or resolvable pixels needed in the surface of a sphere surrounding a design eye point. One might imagine a person suspended in space but able to look at will in any direction. Full motion video (no computer latency) and full grayscale are assumed in the present discussion--just as in nature.
The solid angle at the design eyepoint is 4π steradians. A pixel corresponds to a solid angle of α x α, where α is expressed in radians. Thus, the number of pixels needed for a two-dimensional representation of the resolution available in nature with discrete samples is Npixel = 4π / α However, 20/20 is defined for a room maintained at a very dim ambient illumination (e.g. 100 lx). In Nature the range of illumination is many orders of magnitude higher (0.01-108,000 lx) and luminance contrast is often sufficient to resolve objects smaller than 50 arc seconds. Also, 20/20 is defined for black/white luminance contrast and ignores color, 3D, and motion as image resolving features of human vision.
Human visual acuity is much finer than 20/20 implies. Stars subtend far less than 50 arc seconds, perhaps as small as 5 arc seconds in some casesÑyet people see stars. Similarly, glint from a highly reflective surface is readily visible, but often subtends 20-25 arc seconds or less. Thus, 4π sr is equivalent to over 1.3 billion two-dimensional picture elements (pixels). Adding a third dimension leads to volume element (voxel) resolutions up to 22 trillion voxels. Resolution comparisons for 4π sr are provided in Tables I and II. It is true that human visual acuity in the foregoing discussion refers to an instantaneous attention angle of about 2 arc degrees. However, it is also true that this acuity (and far better) actually exists in the real world scenes over 4π sr. Also, the high rate of eye scan, combined with the sensitivity of peripheral vision to motion, requires full image be present continuously at full visual acuity over 4π sr, ideally, just as in Nature. DISPLAY METRIC: RESOLUTION Resolution is used in this paper as metric for the pace of past progress and to develop a vision for future developments. Other factors, such as display design, manufacturability, and affordability will be gradually overcome in order to raise resolution. Full grayscale, color, angle, video performance are assumed herein except as noted otherwise. For reference, some milestones for individual electronic display devices over the past 60 years are presented in Table III . Systems applications involving tiling over the past 104 years are presented in Table IV to illustrate pent up demand for far more resolutionÑto close somewhat the gap with ideal resolutions (see Tables I and II 
DECADE CHALLENGES FOR 2010-2020
The capacity of the human visual system, summarized in Table I , shows a need for displays to grow in resolution by a factor of 200X to 1300X from the current mass market standard of about 1 megapixel. For example, the most conservative view is that a fully immersive, 4π sr, synthetic vision system (SVS) would require the 214 megapixels to provide its occupant(s) 20/20 resolution. The 1999 state of the art for SVSÕs is represented by tactical aircraft simulators: 15.36 megapixels generated by tiling eight 1600x1200 (1,920,000 pixel) projectors behind eight odd-shaped screens surrounding a trainee seated in a cockpit. Just a fraction, 50-80%, of each display device image hits the screen (odd-shaped screens mapped to rectangular display devices); the effective SVS is actually 12.3 megapixels, or less. 2 Thus, a cockpit SVS needs 161 megapixels to cover 75% of 4π sr. The SVS challenge is to increase resolution by the ratio 161/12.3, or 13X. Thus, display devices of resolution 13x1.9 megapixels, or 25 megapixels, are required. A challenge of 13X for display device resolution is a reasonable goal for the display community to achieve by the year 2010.
Digital cinema, electronic sandboxes, and integrated web-PC-TV units (WCTV) also require display devices with higher resolution. The era of digital cinema began as an exotic market in 1999 with the showing of the movie Starwars Episode I in four theatres from a digital master at 1.3 megapixels per 35mm film frame on two technologies, one based on the Texas Instruments Digital Micromirror Device (DMD) Digital Light Processing technology and another, the Qualcomm/Hughes-JVC CRT/Liquid Crystal Light Valve CineComm Digital Cinema technology. 3 Meanwhile, film cinema has moved the bar up with the introduction of IMAX and, in 1999, 3D IMAX.
The highest resolution used in any current application is 3-D IMAX. 4 IMAX film provides 20-30 megapixels per 70-mm frame, or 10-15X that of 35-mm, so the screen can be much larger. The 3-D IMAX is just being introduced in November 1999: each eye gets a 20-30 megapixel image from e.g. the 100 x 80 foot screen at the Sony IMAX theatre in New York (largest in the western hemisphere). OneÕs instantaneous field of view is almost filled. Dimness is still an issue: 15 kilowatt quartz lamps are required to create enough light for even a darkened theatre. Turning IMAX digital will require 30 megapixel display devices.
The 13X goal for 2010 pertains to exotic and niche markets, defined here as 1-100 and 1,000-10,000 units sold per year, respectively. Drivers for increased resolution are mass markets in entertainment, computers, and the internet, which will meld into webbased computer television (WCTV) by 2020.
CENTURY CHALLENGES FOR 2100
The 2.1 megapixel devices needed for HDTV will come to define the mass market by 2010. Other challenges must be met in order to increase resolution. Specific power density (W/kg) for mobile power sources needs to go up a factor of 10 by 2010 and 100 by 2100. Light generation needs to be made 10-100X more efficient; efficacy in mass production displays should increase from about 4 lm/W in 1999 to 40 lm/W solid state light sources by 2100. Electronics must speed up too: a 30 megapixel device at 48 Hz requires a digital interface of 34.56 Gb/s and storage capacity on the order of 1 petabyte. Image generation processors must be distributed to pixels and segments. Holodeck. Full true 3D display technology is represented conceptually by the Holodeck of science fiction and is a millennial challenge to be met by the dawn of the 31 st century: 1.3 teravoxels are needed.
SUMMARY
The grand challenge for display technology is to close the fantastic 10 6 gap between devices and the human visual system. Predicting the pace of technology is difficult. Wilber Wright 6 predicted in 1909 that ÒNo airplane will ever fly from New York to ParisÓ because the motor would not take the stress and the airplane Òwill always be a special messenger, never a load carrierÓ. Within 20 years WrightÕs predictions were proven far, far too conservative. Yet, science fiction does not readily become science fact for mass markets like TV. Both of these concerns have been considered in establishing a vision for displays of the future.
